Introduction
============

Tuberculosis is an infectious disease caused by *Mycobacterium tuberculosis* or the other members of the *Mycobacterium* complex such as *Mycobacterium africanum* and *Mycobacterium bovis. The disease* remains a major threat to global public health and presents increasing morbidity and mortality rates worldwide ([@b1-etm-0-0-5775],[@b2-etm-0-0-5775]). There were 1.5 million cases of mortality and 9 million new cases of tuberculosis in 2013 worldwide ([@b3-etm-0-0-5775]). *M. tuberculosis* can invade numerous organs in humans, but primarily affect the lung function ([@b4-etm-0-0-5775]). Cough and phlegm are the most common early symptoms of tuberculosis, along with blood or blood clots in the phlegm ([@b5-etm-0-0-5775]). Clinically, patients with tuberculosis are admitted to intensive care units (ICU) to monitor physical symptoms and inflammation ([@b6-etm-0-0-5775],[@b7-etm-0-0-5775]). In the last decade, more efficient drug targets for tuberculosis have been explored and the pathological mechanisms of *M. tuberculosis* have been investigated in order to understand its pathogenesis ([@b8-etm-0-0-5775],[@b9-etm-0-0-5775]). These drugs and mechanisms of pathology of *M. tuberculosis* have contributed to clinical treatments for patients with tuberculosis ([@b10-etm-0-0-5775],[@b11-etm-0-0-5775]). Notably, the most common pathology characteristic of *M. tuberculosis* is inflammatory responses in patients.

Although previous reports have indicated the significance of inhibition of inflammation responses in patients with tuberculosis ([@b12-etm-0-0-5775]--[@b14-etm-0-0-5775]), the molecular mechanisms of the *M. tuberculosis*-induced signaling pathway are seldom reported and must be further analyzed in human pleural mesothelial cells (hPMCs). *M. tuberculosis* infection commonly leads to recruitment of leukocytes and formation of granulomas around the infected macrophages, which results in limitation of the spread of *M. tuberculosis* in the lungs ([@b15-etm-0-0-5775]). Previous work indicates that inflammation responses are host-directed therapies for patients with *M. tuberculosis* infection ([@b16-etm-0-0-5775]). Tsenova *et al* ([@b17-etm-0-0-5775]) demonstrated that inflammation accelerates pathology in a rabbit model of active pulmonary tuberculosis. Furthermore, inflammation in patients frequently induces intraocular inflammation, chronic pulmonary heart disease and other syndromes ([@b18-etm-0-0-5775],[@b19-etm-0-0-5775]). These reports suggest that inflammation may be a key inducer for aggravated pathology for patients with tuberculosis.

Currently, tumor necrosis factor-α (TNF-α) and matrix metalloproteinases (MMPs) are reported to be associated with the pathological processes of tuberculosis ([@b20-etm-0-0-5775]). A previous study indicated that TNF-α expression is associated with pathogenesis and progression of patients with pulmonary tuberculosis ([@b21-etm-0-0-5775]). Mihaltan ([@b22-etm-0-0-5775]) also suggested that TNF-α blockers are beneficial for the treatment of pulmonary tuberculosis. In addition, MMP-1 polymorphism has been indicated as a risk factor for fibrosis after pulmonary tuberculosis ([@b23-etm-0-0-5775]). Furthermore, the role of MMP-8 in 5′ adenosine monophosphate-activated protein kinase-dependent matrix destruction in human pulmonary tuberculosis has been studied and the results demonstrated that neutrophil-derived MMP-8 serves a key role in the pathology of tuberculosis ([@b24-etm-0-0-5775]). These reports suggest that MMPs and TNF-α are associated with the progression of tuberculosis.

In the present study, the inflammatory factors in patients with pulmonary tuberculosis were investigated. The balance of T helper cell (Th)1/Th2 cytokines and the expression levels of interferon (IFN)-γ, interleukin (IL)-10, IL-12, and IL-4 were analyzed. The TNF-α and MMP-induced extracellular-signal-regulated kinase (ERK)/Akt signaling pathways were investigated in hPMCs isolated from patients with pulmonary tuberculosis.

Materials and methods
=====================

### Ethics statement

The study protocol was performed according to the Guide for the Care and Use of Clinical Patients of Capital Medical University (Beijing, China). The study was approved by the Ethics Committee of Beijing Chest Hospital (Beijing, China). Informed consent was provided by all participants. A total of 124 patients (12--58 years old, 72 male and 52 female) with *M. tuberculosis* infection who had been admitted to ICU were recruited to analyze inflammatory cell and factor expression in Beijing Tuberculosis and Thoracic Tumor Research Institute (Bejing, China) between May 2012 and June 2014. A further 52 healthy volunteers (21--46 years old, 32 male and 20 female) were recruited as a control group between May 2012 and May 2013.

### Cell culture

hPMCs were obtained from patients and healthy volunteers and cultured in Dulbecco\'s modified Eagle\'s medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). hPMCs were cultured in a 5% CO~2~ incubator with a humidified atmosphere at 37°C.

### ELISA

Blood samples (15 ml) were collected from clinical patients and healthy volunteers via the jugular vein catheter. Serum was obtained from blood via centrifugation at 6,000 × g at 4°C for 15 min. In the protein detection assay, human MMP-1 (DY901B), MMP-9 (DMP900), TNF-α (DTA00C), IL-1 (DLB50), IL-6 (D6050), IL-10 (D1000B), IL-12 (D1200), IL-4 (D4050), IL-2 (D2050), IL-15 (DY247) and IFN-γ (DIF50; All Bio-Rad Laboratories, Inc., Hercules, CA, USA) ELISA kits were used to determine serum levels of the inflammatory factors. The procedures were performed according to the manufacturer\'s protocols. The final results were recorded at 450 nm on an ELISA plate reader (Bio-Rad Laboratories, Inc.).

### Small interfering RNA (siRNA) transfection

hPMCs were cultured to 80% confluence and transfected with siRNA that targeted TNF-α (si-TNF-α, 5′-UGGGGAACUCUUCCCUCUG-3′) or si-vector containing scrambled siRNA (5′-CUCGUCUCAUUGATGACAGTT-3′) using Lipofectamine™ RNAi MAX (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. A total of 100 pmol si-TNF-α and si-vector (GenePharma Co., Ltd., Shanghai, China) were used for transfection. The subsequent experimentation was performed after 48 h transfection.

### Western blot analysis

hPMCs were lysed in RIPA buffer (Sigma-Aldrich; Merck KGaA) containing a phosphatase inhibitor and protease inhibitor cocktail. Protein concentrations were determined by BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Protein concentration was measured by a BCA protein assay kit (Thermo Scientific, Inc.). A total of 20 µg protein extracts was subjected to 12.5% SDS-PAGE and then transferred to polyvinylidene membrane (EMD Millipore, Billerica, MA, USA). The primary antibodies of rat anti-human anti-TNF-α (1:1,000 dilution, ab667), anti-MMP-1 (1:1,000 dilution, ab137332), anti-MMP-9 (1:1,000 dilution, ab73734), high mobility group box-1 protein (HMGB1, 1:1,000 dilution, ab18256), ERK (1:2,000 dilution, ab196883, Abcam), pERK (1:2,000 dilution, ab214362, Abcam), AKT (1:1,000 dilution, ab8805, Abcam), pAKT (1:1,000 dilution, ab133458, Abcam), and β-actin (1:1,000 dilution, ab8226; all Abcam, Cambridge, UK) were used to incubate with the membranes for 120 min at 37°C. Then goat anti-rabbit IgG mAb (1:5,000 dilution, PV-6001, OriGene Technologies, Inc., Beijing, China) were added to the membranes for 60 min at 37°C. Following this, the membrane was washed three times in TBST, and was developed using a chemiluminescence assay system (Roche Diagnostics, Basel, Switzerland) and exposed to Kodak exposure films. Densitometric quantification of the immunoblot data was performed by using the software of Quantity-One (version 3.23, Bio-Rad Laboratories, Inc.).

### Histological assay

Lung specimens (n=3 in each group) obtained from patients and healthy volunteers as previously indicated ([@b25-etm-0-0-5775]). Specimens were prepared and fixed in 4% paraformaldehyde for 2 h at 37°C. Paraffin-embedded tissue sections (4 µm) were prepared and epitope retrieval was performed using Tris-HCl buffer for heat-induced epitope retrieval (AP-9005-050, Thermo Fisher Scientific, Inc.) for further analysis. The paraffin sections were quenched with hydrogen peroxide (3%) for 10--15 min, and subsequently blocked with a blocking solution 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) for 10--15 min at 37°C. Finally, the sections were incubated with goat anti-human anti-CD11b (1:1,000 dilution, ab133357, Abcam), anti-CD177 (1:1,000 dilution, ab203025, Abcam), or anti-CD31 (1:1,000 dilution, ab28364, Abcam) at 4°C for 12 h. Sections were stained with the rabbit anti-goat horseradish peroxidase-conjugated anti-rabbit IgG (1:5,000 dilution, PV-6001, OriGene Technologies, Inc.) after washing with PBS three times for 2 h at 37°C. Visualization was achieved with peroxidase-labeled streptavidin-biotin and diaminobenzidine (DAB, Advansta, Inc., Menlo Park, CA, USA) for \~5 min at 37°C. The slides were examined with a Keyence Biozero BZ8100E microscope.

### Flow cytometry

Serum was obtained as described above, and serum levels of lymphocytes, plasmacytes, neutrophils and monocytes in patients with pulmonary tuberculosis or healthy volunteers were analyzed using a flow cytometer. For detecting Th1 and Th2 cells, a Th1/Th2 (7 plex) Multiplex Immunoassay Kit (ab213389, Abcam) was used to measure the percentage of Th1 and Th2 cells, and TH1/Th2 ratio. All procedures were performed as previously described and the percentage of cells were analyzed using BD FACSCanto™ Software (version 2.0; BD Biosciences San Jose, CA, USA) as described previously ([@b26-etm-0-0-5775]).

### Statistical analysis

Data are expressed as the mean ± standard deviation. Significance was established with the SPSS 19.0 statistical (IBM Corp., Armonk, NY, USA) and GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Comparisons between two groups were conducted by Student\'s t-test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Analysis of inflammatory cells in serum in patients with M. tuberculosis infection

Clinical data from 124 patients with pulmonary tuberculosis revealed that immune cells were upregulated in the serum. As shown in [Fig. 1A-D](#f1-etm-0-0-5775){ref-type="fig"}, the results indicated that serum concentration levels of lymphocytes, plasmacytes, neutrophils and monocytes were significantly increased in the patients with *M. tuberculosis* compared with healthy controls (P\<0.01). In addition, outcomes indicated that macrophages, mast cells and endothelial cells were also increased in lung tissue in the patients with *M. tuberculosis* compared with healthy controls ([Fig. 1E-G](#f1-etm-0-0-5775){ref-type="fig"}). Furthermore, it was observed that high HMGB1 expression levels were significantly upregulated in lung tissue in patients with *M. tuberculosis* compared with healthy controls (P\<0.01; [Fig. 1H](#f1-etm-0-0-5775){ref-type="fig"}), which would contribute to inflammation in patients. These outcomes suggest that inflammatory cells were upregulated in patients with *M. tuberculosis*.

### Analysis of inflammatory factors in patients with M tuberculosis

To detect the association between inflammatory factors and *M. tuberculosis*, serum levels of inflammatory factors were measured in patients with pulmonary tuberculosis in ICU, with healthy volunteers as the control. As shown in [Fig. 2A-D](#f2-etm-0-0-5775){ref-type="fig"}, serum concentration levels of IL-1, IL-6, IL-10 and IL-12 were significantly upregulated in patients with pulmonary tuberculosis in ICU compared with healthy controls (P\<0.01). However, significantly lower serum levels of IL-2 and IL-15 were observed in patients with pulmonary tuberculosis compared with healthy controls (P\<0.01; [Fig. 2E and F](#f2-etm-0-0-5775){ref-type="fig"}). These outcomes suggest that inflammatory factors were increased in the serum, while anti-inflammatory factors were decreased in patients with pulmonary tuberculosis in ICU.

### Analysis of the balance of Th1/Th2 cytokines in patients with pulmonary tuberculosis

A previous study indicated that an imbalance of Th1/Th2 cytokines is a key indicator of inflammation and serves a critical function in the pathology of pulmonary tuberculosis in ICU ([@b27-etm-0-0-5775]). In the present study, the expression levels of Th1 and Th2 cytokines were measured in patients with pulmonary tuberculosis in ICU. As shown in [Fig. 3A and B](#f3-etm-0-0-5775){ref-type="fig"}, significantly lower expression of Th1 cytokines and significantly higher expression of Th2 cytokines was observed in the serum of patients with pulmonary tuberculosis compared with healthy controls (both P\<0.01). In addition, the ratio of Th1/Th2 cytokines was significantly decreased in patients with pulmonary tuberculosis compared with healthy controls (P\<0.01; [Fig. 3C](#f3-etm-0-0-5775){ref-type="fig"}). In addition, significantly higher IL-4 and IL-17 levels (both P\<0.01) and significantly lower serum levels of IFN-γ (P\<0.01) were observed ([Fig. 3D-F](#f3-etm-0-0-5775){ref-type="fig"}), contributing to the imbalance of Th1/Th2 cytokines in patients with pulmonary tuberculosis compared with healthy controls. These outcomes suggest that an imbalance of Th1/Th2 cytokines is associated with pulmonary tuberculosis.

### Analysis of TNF-α and MMP expression in hPMCs isolated from patients with pulmonary tuberculosis

It has previously been reported that expression levels of TNF-α and MMPs are correlated with the severity of patients with pulmonary tuberculosis ([@b28-etm-0-0-5775],[@b29-etm-0-0-5775]). In the present study, the levels of TNF-α, MMP-1 and MMP-9 were evaluated in serum and hPMCs isolated from patients with pulmonary tuberculosis. As shown in [Fig. 4A-C](#f4-etm-0-0-5775){ref-type="fig"}, the results indicated that serum levels of TNF-α, MMP-1 and MMP-9 were significantly increased in patients with pulmonary tuberculosis compared with healthy controls (all P\<0.01). It was also observed that protein expression levels of TNF-α, MMP-1 and MMP-9 were significantly upregulated in hPMCs isolated from patients with pulmonary tuberculosis (all P\<0.01; [Fig. 4D-F](#f4-etm-0-0-5775){ref-type="fig"}). These results indicate that *M. tuberculosis* stimulates hPMCs to upregulate TNF-α, MMP-1 and MMP-9, which may aggravate the severity of pulmonary tuberculosis.

### Analysis of TNF-α-induced ERK/Akt signaling pathway in hPMCs isolated from patients with pulmonary tuberculosis

To further analyze the molecular mechanism of TNF-α, MMP-1 and MMP-9 upregulation in hPMCs, the ERK/Akt signaling pathway was evaluated in hPMCs isolated from patients with pulmonary tuberculosis. As shown in [Fig. 5A and B](#f5-etm-0-0-5775){ref-type="fig"}, the results indicated that expression levels of ERK and Akt were significantly upregulated in hPMCs isolated from patients with pulmonary tuberculosis compared with healthy controls (both P\<0.01). In addition, phosphorylation levels of ERK and Akt were significantly increased in hPMCs isolated from patients compared with healthy controls (both P\<0.01; [Fig. 5C and D](#f5-etm-0-0-5775){ref-type="fig"}). Furthermore, it was identified that inhibition of TNF-α expression suppressed ERK and Akt expression and phosphorylation ([Fig. 5E and F](#f5-etm-0-0-5775){ref-type="fig"}). MMP-1 and MMP-9 expression levels were also significantly downregulated by TNF-α knockdown in hPMCs (P\<0.01; [Fig. 5G and H](#f5-etm-0-0-5775){ref-type="fig"}). These results suggest that TNF-α mediates the upregulation of MMP-1 and MMP-9 expression through the ERK/Akt signaling pathway in hPMCs in patients with pulmonary tuberculosis.

Discussion
==========

Pulmonary tuberculosis is a chronic infectious disease, which is characterized by lung granulomatous lesion formation and severe inflammatory responses ([@b30-etm-0-0-5775],[@b31-etm-0-0-5775]). A previous study suggested that inflammatory factors induced by inflammatory responses in lung tissue contributed to the severity of pulmonary tuberculosis when patients were infected with *M. tuberculosis* ([@b32-etm-0-0-5775]). Clinically, the activity of pulmonary tuberculosis inflammation caused by *Mycobacterium* has been identified as an indicator for patients\' disease severity and drug tolerance ([@b33-etm-0-0-5775]). In the present study, inflammatory responses were investigated in patients with pulmonary tuberculosis in ICU. Serum levels of inflammatory cells, including lymphocytes, plasmacytes, neutrophils and monocytes were studied in patients with pulmonary tuberculosis in ICU. It was identified that inflammatory responses are enhanced and inflammatory factors are stimulated in patients with *M. tuberculosis* infection. Notably, it was observed that the balance of Th1/Th2 cytokines was disturbed in patients with pulmonary tuberculosis compared with healthy controls. It was observed that pulmonary tuberculosis upregulated TNF-α expression through the ERK/Akt signaling pathway in hPMCs.

Inflammatory cells are the most common pathological characteristics for patients with pulmonary tuberculosis infected with *Mycobacterium* ([@b34-etm-0-0-5775]). These inflammatory cells include lymphocytes, plasmacytes, neutrophils, monocytes, macrophages, mast cells and endothelial cells. Previous studies have demonstrated that the morphology and function of plasmacytes are associated with the progression of tuberculosis ([@b35-etm-0-0-5775],[@b36-etm-0-0-5775]). In addition, Iliaz *et al* ([@b37-etm-0-0-5775]) indicated that neutrophil/lymphocyte ratio could be used as a reference in the differential diagnosis of tuberculosis. Furthermore, previous investigations have suggested that suppression of *M. tuberculosis* growth can upregulate TNF-α, which increases the levels of human monocytes in patients with pulmonary tuberculosis ([@b38-etm-0-0-5775],[@b39-etm-0-0-5775]). These reports suggest that inhibition of inflammatory cells may be a potential target for the treatment of pulmonary tuberculosis. The present results indicated that inflammatory cells were increased in the serum of patients with pulmonary tuberculosis.

Inflammatory factors secreted by inflammatory cells are reported to be associated with pathogenicity and severity of pulmonary tuberculosis, and may induce other tuberculosis-related diseases ([@b40-etm-0-0-5775]). In the present study, the expression levels of IL-1, IL-6, IL-10 and IL-12 were investigated in patients with pulmonary tuberculosis. Katti ([@b41-etm-0-0-5775]) assessed serum IL-1, IL-2 and IFN-γ levels in patients with pulmonary tuberculosis and reported that increased IL-1 is an indicator for Th1 responses. In the present study, it was observed that IL-1 serum levels were upregulated in patients with pulmonary tuberculosis. Serum levels of IL-6 act as a potential biomarker of disease progression in pulmonary tuberculosis following anti-tuberculosis drug therapy ([@b42-etm-0-0-5775]). In the present study, IL-6 serum levels were increased in patients compared with the controls. The present results also indicated that serum levels of IL-2 and IL-15 were decreased in the serum of patients with pulmonary tuberculosis, which may contribute to understanding the molecular mechanism of inflammatory responses in pulmonary tuberculosis. Furthermore, expression levels and polymorphisms of IL-10 and TNF-α are affected in patients with pulmonary tuberculosis ([@b43-etm-0-0-5775]). In the present study, it was demonstrated that serum levels of IL-10 and TNF-α were increased in patients with pulmonary tuberculosis compared with healthy controls, which may lead to inflammatory responses in patients.

Understanding the mechanisms of pulmonary tuberculosis is beneficial for preventing and treating *M. tuberculosis* infection ([@b44-etm-0-0-5775]). In the present study, the ERK/Akt signaling pathway was analyzed in hPMCs isolated from patients with *M. tuberculosis* infection. The results indicated that *M. tuberculosis* induced higher levels of TNF-α, mediated by the ERK/Akt signal pathway, resulting in upregulation of MMP-1 and MMP-9 expression in hPMCs. Although MMP-9 activity has been characterized in processes of granuloma formation in pleural tuberculosis, to the best of our knowledge, the signal pathway in inflammatory responses in tuberculosis pleural disease has not yet been reported ([@b45-etm-0-0-5775]). The present investigations have elaborated on the molecular mechanism of MMP-9 upregulation and indicated that TNF-α-induced upregulation of MMP-1 and MMP-9 expression is mediated by the ERK/Akt signaling pathway in hPMCs in patients with pulmonary tuberculosis.

In conclusion, the present study indicates that inflammatory responses and inflammatory factors are upregulated in patients with pulmonary tuberculosis. Notably, the present findings suggest that *M. tuberculosis*-induced inflammatory responses and factors are mediated by MMP-1 and MMP-9 expression via the TNF-α-mediated ERK/Akt signaling pathway in hPMCs. These results suggest that inhibition of inflammatory responses and inflammatory factors may be beneficial for the treatment of patients with pulmonary tuberculosis in ICU.
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![Changes in inflammatory cells in patients with MTB. The percentage of (A) lymphocytes, (B) plasmacytes, (C) neutrophils and (D) monocytes was analyzed in the serum of patients with MTB. The percentage of (E) macrophages, (F) mast cells and (G) endothelial cells was analyzed in the lung tissue of patients with MTB. (H) Expression levels of HMGB1 were analyzed in the lung tissue of patients with MTB. Data are expressed as the mean ± standard deviation of three independent experiments. Magnification, ×40. \*\*P\<0.01 vs. healthy controls. HMGB1, high mobility group box-1; MTB, *Mycobacterium tuberculosis* infection.](etm-15-03-2719-g00){#f1-etm-0-0-5775}

![Inflammatory factors in patients with MTB. Serum levels of (A) IL-1, (B) IL-6, (C) IL-10, (D) IL-12, (E) IL-2 and (F) IL-15 were analyzed in patients with MTB. Data are expressed as the mean ± standard deviation of three independent experiments. \*\*P\<0.01 vs. healthy controls. IL, interleukin; MTB, *Mycobacterium tuberculosis* infection.](etm-15-03-2719-g01){#f2-etm-0-0-5775}

![Evaluation of Th1/Th2 cytokines in patients with MTB. Serum levels of (A) Th1 and (B) Th2 cells were evaluated in patients with MTB. (C) The balance of Th1/Th2 cytokines was analyzed in patients with MTB. Serum levels of (D) IL-4, (E) IL-17 and (F) IFN-γ were analyzed in patients with MTB. Data are expressed as the mean ± standard deviation of three independent experiments. \*\*P\<0.01 vs. healthy controls. Th, T helper cell; IL, interleukin; IFN, interferon; MTB, *Mycobacterium tuberculosis* infection.](etm-15-03-2719-g02){#f3-etm-0-0-5775}

![Expression levels of TNF-α and MMPs in patients with MTB. Serum levels of (A) TNF-α, (B) MMP-1 and (C) MMP-9 were evaluated in patients with MTB. Protein expression levels of (D) TNF-α, (E) MMP-1 and (F) MMP-9 in human pleural mesothelial cells isolated from patients with MTB. Data are expressed as the mean ± standard deviation of three independent experiments. \*\*P\<0.01 vs. healthy controls. TNF, tumor necrosis factor; MMP, matrix metalloproteinase; MTB, *Mycobacterium tuberculosis* infection.](etm-15-03-2719-g03){#f4-etm-0-0-5775}
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Analysis of TNF-α-induced ERK/ATK signaling pathway in hPMCs isolated from patients with MTB. Expression levels of (A) ERK and (B) Akt were evaluated in hPMCs isolated from patients with MTB. Phosphorylation levels of (C) ERK and (D) Akt in hPMCs isolated from patients with MTB. (E) Expression levels and (F) phosphorylation levels of ERK and Akt were evaluated in si-TNF-α-treated hPMCs. Expression levels of (G) MMP-1 and (H) MMP-9 were evaluated in si-TNF-α-treated hPMCs. Data are expressed as the mean ± standard deviation of three independent experiments. \*\*P\<0.01 vs. healthy controls. TNF, tumor necrosis factor; MMP, matrix metalloproteinase; ERK, extracellular-signal-regulated kinase; hPMC, human pleural mesothelial cell; MTB, *Mycobacterium tuberculosis* infection; si, small interfering RNA.
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